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In this issue of Neuron, Bernard et al. (2012) report microarray-based transcriptional profiling of individually
isolated layers from several cortical areas in adult Rhesus monkeys (Macaca mulatta). The resulting molec-
ular signatures of neocortical organization are compared with human and mouse.The key feature of the mammalian cere-
bral cortex is the uniformly laminar struc-
ture that historically has been described
as hexalaminar (Zilles and Amunts,
2010). Heterogeneous populations of ex-
citatory/inhibitory neurons and their neu-
rites and various glia cell types are
merged in distinct proportions to make
up different cortical layers. These layers
are present in all cortical areas, but their
thickness, cell density, and proportions
vary according to the requirements of
computational functions performed by
the area. This variation in cell composition
(cytoarchitecture) has been the subject
of investigation for more than a century
because it often correlates with func-
tional specialization (Zilles and Amunts,
2010). Laminar and areal differences are
reflected in the expression of marker
genes, which often encode proteins of
neurological importance (Belgard et al.,
2011) and are thus likely contribute to
some functional differences between
these groups of cells.
Gene expression has been examined in
mice using both high-throughput in situ
hybridization (Lein et al., 2007; Hawrylycz
et al., 2010) and RNA-seq (Belgard et al.,
2011). Although individual genes have
been examined in humans and nonhuman
primates, in this issue of Neuron, Bernard
et al. (2012) uniquely assess transcrip-
tional expression patterns in adult Rhesus
monkeys using high-throughput ap-
proaches. Implementing laser microdis-
section techniques (Wang et al., 2009;
Ayoub et al., 2011; Oeschger et al.,
2011), the authors isolated small neocor-
tical regions with high accuracy and reso-
lution for subsequent microarray andweighted gene coexpression network
analyses. By examining individual neo-
cortical layers within regions, including
the sublayers of layer 4 in V1, the authors
were able to reveal differences in gene
expression that can be lost in gross
dissections of whole cortical areas. The
regions selected for analyses included
sensory, motor, association, and func-
tional visual cortical areas. Layers of the
lateral geniculate nucleus (LGN) and
hippocampus were also dissected to
allow extracortical comparisons. Biolog-
ical replicates from both sexes (two
female and two male) were profiled with
GeneChip Rhesus Macaque Genome
Arrays. The authors identified differen-
tially expressed genes and coexpressed
gene sets that differentiated cortical
layers and areas, or that varied between
males and females or more broadly
among individuals. The authors also pre-
sent an in situ hybridization-based com-
parative analysis of gene expression pat-
terns between macaque, human, and
mouse neocortex to investigate how
gene expression patterns may have
diverged since the common ancestor of
primates and rodents. Both array data
and extensive in situ hybridization valida-
tions are freely available through the NIH
Blueprint Non-Human Primate Atlas web-
site (http://blueprintnhpatlas.org).
The transcriptome comparisons re-
vealed interesting features of the genetic
organization of the neocortex. First, the
study corroborated in primate neocortex
an earlier finding in rodents that spatial
proximity is a major predictor of similar
gene expression (French and Pavlidis,
2011). Second, the results suggest aNeuron 73marked transcriptional differentiation of
primary visual cortex (V1) relative to other
cortical areas. Primate V1 has been long
considered unique in its cytoarchitecture
and cell numbers (reviewed in Lent et al.,
2012) and this uniqueness has been
considered to be largely due to layer 4,
which is comprised of several sublayers
(4 A, B, and C; C is further divided to 4Ca
and 4Cb; Figure 1). Therefore, it is not sur-
prising that gene expression in the subla-
minae of layer 4 of rhesus V1 differs con-
siderably from expression in layer 4 of
other cortical areas (Figure 1). Third, many
geneswhose expressionwasmost unique
to V1were selectively expressed in layer 6.
Finally, genes marking specific layers
sometimes shared common functions
that reflected known neurobiology. For
example, genes associated with long-
term potentiation and calcium signaling
were especially abundant in neocortical
layers 2 and 3, perhaps reflecting the
considerable synaptic plasticity of these
layers. Cortical areas were often discrimi-
nated by changes in laminar patterning of
genes, which may partially reflect differ-
ences in cell-type subpopulations.
In the adult rodent brain, connected
regions share a weak but statistically
significant similarity in gene expression
(French and Pavlidis, 2011). As such, the
authors hypothesized that connected
regions in the monkey may also preferen-
tially express similar genes. Sublayers of
layer 4 in primate V1 selectively receive
input from different structures. Specifi-
cally, layer 4Ca receives input from LGN
magnocellular cells and layer 4Cb
from LGN parvocellular cells (Figure 1).
However, no significant similarity was, March 22, 2012 ª2012 Elsevier Inc. 1053
Figure 1. Nissl-Stained Coronal Sections from Rhesus Monkey Telencephalon Spotlighting
the LGN and V1
Upper panel: LGN; lower panel: V1. Bernard et al. (2012) used laser dissection to excise the various layers
of the LGN (magnocellular, parvocellular, and koniocellular) as well as individual layers and sublayers from
the rhesus V1 and other cortical areas for transcriptome profiling on microarrays. Layer 4 is more prom-
inent in V1 than in the adjacent V2. Lamination is apparent based on the patterning and staining of cells;
layers 4C and 6 are most densely stained while layers 4B and 5 are distinctively lighter. The figure also
illustrates the targeting pattern of the magnocellular, parvocellular, and koniocellular pathways from the
LGN; magnocellular cells project to V1 layer 4Ca, while LGN parvocellular cells project to V1 layer 4Cb.
Nissl images adapted from brainmaps.org. Copyrightª The Regents of the University of California, Davis
campus, BrainMaps.org. All Rights Reserved. Used with permission.
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between these pairs. This suggests that
if some commonality of gene expression
does indeed contribute to the magnocel-
lular and parvocellular specificity of con-
nections in primate layer 4, it may involve
small numbers of genes, genes expressed
in subpopulations of cells within the
dissections, or genes expressed earlier
in development. Targeted studies of care-
fully chosen cell types at critical develop-
mental stages and the investigation of
specific ligand-receptor pairs could give
more definitive answers to this question.
As expected from cytoarchitecture,
cross-species analysis of gene expres-
sion patterns in this study reveals a basic
molecular template of cortical architec-
ture with some variations. Laminar gene
expression patterns reflected phyloge-
netic relationships where the patterns
of gene expression in macaques were
more similar to those of humans than to
those of mice. Corresponding to the con-
siderable cytoarchitectural differences1054 Neuron 73, March 22, 2012 ª2012 Elsebetween species, laminar expression in
V1 was especially different in mouse rela-
tive to human and nonhuman primates.
Altogether, the authors identified nearly
5,000 laminar genes, similar to the
5,800 predicted in mouse using RNA-
seq (Belgard et al., 2011), which may be a
more sensitive method. The authors found
that most laminar genes were expressed
in complex patterns, and often were en-
riched in multiple proximal layers. Superfi-
cially, this might appear surprising in the
light of previous observations in mouse
that most laminar genes are enriched in a
single layer (Lein et al., 2007; Belgard
et al., 2011). An interpretation reconciling
observations in both species that is con-
sistent with the underlying data of all three
studies is thatmost laminar genes are rela-
tively highly expressed in multiple (often
proximal) layers but nevertheless are most
highly expressed in one of those layers.
Every groundbreaking study comes
with some caveats. Laminar gradients of
subpopulations of glia or interneuronsvier Inc.could affect the hierarchical clustering
and lead to adjacent layers appearing
more similar than they would if only ex-
citatory neurons were profiled. Neverthe-
less, functional annotations, and previous
work in mouse (Belgard et al., 2011),
suggest that these laminar genes are
more typically either neuronal genes or
oligodendrocyte markers that are ex-
pressed in a predictable monotonic gra-
dient favoring deeper layers. Likewise,
areal and laminar variations in cortical
vasculature might contribute to some
expression differences.
In the future, RNA-seq could be used to
measure additional aspects of the tran-
scriptome in the primate, such as splice
isoforms and transcription from currently
unannotated loci. Subsequent findings
could be compared with such work in
mice (Belgard et al., 2011) to examine
the evolution of such transcriptomic
features across cortical layers. Emerging
sequencing technologies that produce
longer sequence reads will allow for
more direct measurements of biased
allele expression.
Ultimately it will be necessary to thor-
oughly characterize several properties of
specific cell subtypes marked by collec-
tions of these genes. How does gene
expression in an individual cell corre-
spond to its connectivity and physiology?
Namely, what is the anatomical and phys-
iological significance of the reported gene
expression differences between primate
V1 and rodent V1? Furthermore, how
do the developmental trajectories of cell
subtypes differ and to what extent are
these developmental decisions reflected
in the adult? What are the differences in
areal developmental programs between
regions and species, and how do these
relate to topological changes in functional
processing (Lukaszewicz et al., 2006;
Mantini et al., 2012)?
Another central question to evolution
is population variation in phenotype, and
how it relates to genotype. Integrated
genetic-neuroscience studies of interindi-
vidual variation in the relative abundance
and properties of these various cell types
will provide a snapshot of the phenotypic
variation within a population and how it
relates to the heritable information of the
genome. This paper offers a first glance
at genes whose patterns of expression
vary among individuals. The present
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Previewsstudy also describes sex differences
in the expression of several autosomal
genes, as previously observed (Kang
et al., 2011). The biology that underlies
and results from the gene expression
differences between males and females
may provide insight into neurodevelop-
mental disorders that differentially afflict
men and women such as autism.
Finally, the results call into ques-
tion the prevailing cytoarchitecture-based
hexalaminar nomenclature used for the
neocortex. For example, in this study the
authors show that what is presently
known as layer 4A in primary visual cortex
is transcriptionally far more similar to
layer 3 than to other layer 4 sublaminae.
Interestingly, Hassler and Stephan (1966)
and subsequently Casagrande and Kaas
(1994) arrived to similar conclusions by
tracing neuronal connections. If further
work demonstrates this clustering is
driven by excitatory neurons, a genetically
informed reconsideration of laminar no-
menclature may be in order.REFERENCES
Ayoub, A.E., Oh, S., Xie, Y., Leng, J., Cotney, J.,
Dominguez, M.H., Noonan, J.P., and Rakic, P.
(2011). Proc. Natl. Acad. Sci. USA 108, 14950–
14955.
Belgard, T.G., Marques, A.C., Oliver, P.L., Abaan,
H.O., Sirey, T.M., Hoerder-Suabedissen, A.,
Garcı´a-Moreno, F., Molna´r, Z., Margulies, E.H.,
and Ponting, C.P. (2011). Neuron 71, 605–616.
Bernard, A., Lubbers, L.S., Tanis, K.Q., Luo, R.,
Podtelezhnikov, A.A., Finney, E.M., McWhorter,
M.M.E., Serikawa, K., Lemon, T., Morgan, R.,
et al. (2012). Neuron 73, this issue, 1083–1099.
Casagrande, V.A., and Kaas, J.H. (1994). The
afferent, intrinsic, and efferent connections of
primary visual cortex in primates. In Cerebral
Cortex, Volume 10, Primary Visual Cortex of
Primates, A. Peters and K. Rockland, eds. (New
York: Plenum Press), pp. 201–259.
French, L., and Pavlidis, P. (2011). PLoS Comput.
Biol. 7, e1001049.
Hassler, R.G., and Stephan, H. (1966). Evolution of
the Forebrain: phylogenesis and ontogenesis of
the forebrain (Stuttgart: G. Thieme Verlag), pp.
419–434.Neuron 73Hawrylycz, M., Bernard, A., Lau, C., Sunkin, S.M.,
Chakravarty, M.M., Lein, E.S., Jones, A.R., and
Ng, L. (2010). Methods 50, 113–121.
Kang, H.J., Kawasawa, Y.I., Cheng, F., Zhu, Y., Xu,
X., Li, M., Sousa, A.M., Pletikos, M., Meyer, K.A.,
Sedmak, G., et al. (2011). Nature 478, 483–489.
Lein, E.S., Hawrylycz, M.J., Ao, N., Ayres, M.,
Bensinger, A., Bernard, A., Boe, A.F., Boguski,
M.S., Brockway, K.S., Byrnes, E.J., et al. (2007).
Nature 445, 168–176.
Lent, R., Azevedo, F.A., Andrade-Moraes, C.H.,
and Pinto, A.V. (2012). Eur. J. Neurosci. 35, 1–9.
Lukaszewicz, A., Cortay, V., Giroud, P., Berland,
M., Smart, I., Kennedy, H., and Dehay, C. (2006).
Cereb. Cortex 16 (Suppl 1 ), i26–i34.
Mantini, D., Hasson, U., Betti, V., Perrucci, M.G.,
Romani, G.L., Corbetta, M., Orban, G.A., and Van-
duffel, W. (2012). Nat. Methods 9, 277–282.
Oeschger, F.M., Wang, W.Z., Lee, S., Garcı´a-Mor-
eno, F., Goffinet, A.M., Arbone´s, M.L., Rakic, S.,
and Molna´r, Z. (2011). Cereb. Cortex., in press.
Published online August 22, 2011. 10.1093/cercor/
bhr197.
Wang, W.Z., Oeschger, F.M., Lee, S., and Molna´r,
Z. (2009). BMC Mol. Biol. 10, 69.
Zilles, K., and Amunts, K. (2010). Nat. Rev. Neuro-
sci. 11, 139–145.Sonic Hedgehog, BOC, and Synaptic Development:
New Players for an Old GameJulien Courchet1 and Franck Polleux1,*
1The Scripps Research Institute, Dorris Neuroscience Center, Department of Cell Biology, La Jolla, CA 92037, USA
*Correspondence: polleux@scripps.edu
DOI 10.1016/j.neuron.2012.03.008
In this issue of Neuron, Harwell et al. (2012) identify a new role for the secreted molecule Shh and its receptor
Boc in synapse formation. These results add an unexpected new player to the expanding list of extracellular
cues regulating the spatial specificity of synapse formation.The neocortex is a laminated structure
composed of billions of neurons that
make synaptic connections with distant
and interspersed populations of neurons
located both within the neocortex and
throughout the central nervous system
(CNS). The past two decades have been
extremely fruitful in identifying some
of the molecular mechanisms regulating
the ability of axons to navigate through
the CNS and find their target structure.
However, less is known about the mecha-nisms regulating the final choice that
neurons have to make within a given
target region. There, a daunting task still
awaits the axon: to make synaptic con-
tacts with a few hundred/thousand neu-
rons among millions of possible postsyn-
aptic targets (Sanes and Zipursky, 2010).
This problem of synaptic specificity has
received a lot of attention recently and
the list of extracellular cues regulating
this critical step is rapidly expanding
(de Wit et al., 2011; Shen and Scheiffele,2010). In this issue of Neuron, the Krieg-
stein lab expands the portfolio of Shh
functions by demonstrating its involve-
ment in the formation of functional syn-
aptic contacts between specific sub-
populations of cortical neurons (Harwell
et al., 2012).
The Shh pathway plays several critical
functions as a patterning cue during early
brain development by regulating gene ex-
pression, cell-fate specification, aswell as
neural progenitor proliferation. Previous, March 22, 2012 ª2012 Elsevier Inc. 1055
